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Abstract

Aluminum incorporation in the rhombohedrally distorted perovskite lattice o f (Lao.sSro.sJi-.xFe^AlyCb^ (x =  0 -0 .0 5 , у  =  0 -0 .30) 
decreases the unit cell volume and partial ionic and p-type electronic conductivities, while the oxygen nonstoichiometry and thermal 
expansion at 900-1200 К  increase on doping. The creation o f А -site cation vacancies has an opposite effect on the transport properties of 
Al-substituted ceramics. The maximum А-site deficiency tolerated by the (La,Sr)(Fe,Al)03_£ structure is however limited, close to 3-4%. 
The Mossbauer spectroscopy revealed progressive localization o f electron holes and a mixed charge-compensation mechanism, which 
results in higher average oxidation state of iron when Al3+ concentration increases. The average thermal expansion coefficients of 
(La0.5 Sr0.5) i - ,F e 1_>A lJ,O3 _a are (12.2-13.0) x lO ^ K " 1 at 300-900K and (20.1-30.0) x 10"6K _I at 900-1200K  in air. The steady-state 
oxygen permeability (OP) of dense Al-containing membranes is determined mainly by the bulk ionic conductivity. The ion transference 
numbers at 973-1223 К in air, calculated from the oxygen permeation and faradaic efficiency (FE) data, vary in the range 
1 x 10_4-3  x 10-3 , increasing with temperature.
©  2006 Elsevier Inc. All rights reserved.
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1. Introduction

Partial oxidation of methane to synthesis gas (syngas), a 
mixture of CO and H2, may take place efficiently on the 
surface of a mixed oxygen-ion/electron conducting mem
brane, which integrates oxidation with controlled oxygen 
separation in a single reactor [1-5]. The simplicity of the 
system implies significant savings in energy and capital 
compared to the conventional syngas production method 
of steam reforming of methane. Commercialization of such 
membrane devices, however, requires achieving the often
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incompatible aims of high oxygen permeability, chemical 
stability and moderate thermal expansion for both oxidiz
ing and reducing conditions, respectively encountered at 
the membrane feed and permeate sides. One group of 
promising materials with high oxygen permeability is the 
perovskite system based on lanthanum-strontium ferrite 
[6-11]. The ideal composition has not been fully established 
for the range of oxygen partial pressures relevant to 
membrane-reactor operation. A maximum of electronic 
and oxygen ionic conductivity in undoped Lai_vSrvFe03_,5 
was observed for x =  0.5 [10]; further strontium doping 
results in oxygen vacancy ordering and deterioration of 
transport properties [11]. In addition, high Sr contents are 
often associated with poorer thermodynamic and dimen
sional stability under the large oxygen chemical potential 
gradients required for reactor operation [12,13].
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One established strategy to improve thermomechanical 
and, often, transport properties is the partial substitution 
of Fe with more redox-stable cations. These include other 
transition-metal cations, e.g. chromium and titanium
[11,12,14] and iso valent species such as aluminium and 
gallium [8,9,13,15-18]. In the cases of Cr- [9,19] and Al- 
containing materials [18], the polarizing nature of the 
dopant tends to lower ionic conductivity. At the same time, 
incorporation of Al3+ into the perovskite-type S rF e^  
АГуОз^ enhances the phase stability at low oxygen 
chemical potentials and the ceramics sinterability [20]. 
The maximum solubility of aluminum cations in the 
perovskite lattices of L a ^ S r ^ F e i-jA l^ ^  (x =  0.7 
-1.0) corresponds to у  =  0.30-0.35 [18,20]. Although 
doping with gallium increases ionic conduction by promot
ing greater disorder in the oxygen sublattice of ferrites [8] 
and may thus be preferable from the oxygen permeability 
point of view, this element is rather expensive and volatile 
under highly reducing conditions and at high temperatures 
[21]. A similar enhancement of the ionic conductivity in 
SrFe03-based phases is also observed due to the creation of 
minor А-site cation deficiency, which suppresses to some 
extent the ordering processes in the oxygen sublattice [22]. 
For instance, in Sr^^Fe^Ti^Oa^ system the highest 
ionic transport under oxidizing conditions is observed for 
compositions with x «  0.03 and у  — 0.20 [22].

The present work was focused on the studies of transport 
properties and thermal expansion of cation-stoichiometric 
and А-site deficient (Lao^Sro^i-^Fei-jAlyOa^ perovs- 
kites. Particular attention was focused on the effects of A1 
doping and А-site cation vacancies on the iron oxidation 
states, oxygen nonstoichiometry, and oxygen ionic con
ductivity. In order to assess the charge compensation 
mechanisms and defect chemistry at low temperatures, the 
Mossbauer spectroscopy was used. In the high-temperature 
range, 973-1223 K, the defect formation mechanisms were 
evaluated using thermogravimetric analysis (TGA), coulo- 
metric titration (CT) and measurements of total conduc
tivity and Seebeck coefficient as function of the oxygen 
partial pressure.

2. Experimental

Samples in the (LaosSro^i-jcFei.jA l/^^ (x =  0 -  
0.05, у  =  0—0.30) system were synthesized by the glycine- 
nitrate process (GNP). Glycine was added as the fuel and 
chelating agent in 100% excess to an aqueous solution of 
the metal nitrate precursors in appropriate ratios. The 
solution was dried and heated until auto-ignition occurred, 
leaving a foam-like reaction product; this powder was 
annealed in air at 1273 К for 2h to remove remaining 
organic content. Following several additional firing/ 
regrinding steps, the resultant powders were ball-milled 
and pressed into disks (100-300 MPa); the gas-tight 
ceramics with density higher than 93% of theoretical were 
sintered in air at 1793-1823 К for 5h. The samples were 
finally annealed in air at 1273 К for 3-4 h and slowly

cooled in order to achieve equilibrium with air at low 
temperatures.

Characterization of the materials was conducted em
ploying X-ray diffraction (XRD) analysis (Rigaku Geiger- 
flex D/MAX-B), scanning electron microscopy coupled 
with energy dispersive spectroscopy (SEM/EDS, Hitachi S- 
4100), TGA (Setaram TG-92 and Setaram SetSys 16/18 
instruments), and dilatometry (Linseis L70/2001, heating 
rate of 5 K/min). Investigation of the transport properties 
involved measurements of total conductivity (4-probe DC), 
Seebeck coefficient and steady-state oxygen permeation 
(OP) fluxes as functions of temperature and oxygen partial 
pressure. Detailed descriptions of experimental techniques 
and equipment can be found in previous publications 
[8-10,14,16-18,20,22,23]. The structural parameters were 
refined from XRD data using the Fullprof [23] and GSAS 
[24] software. For all the presented oxygen-permeability 
results, the membrane feed-side oxygen partial pressure (p2) 
was maintained at 0.21 atm (atmospheric air). The ion 
transference numbers calculated from the oxygen permea
tion data were validated by the faradaic efficiency (FE) 
measurements under zero p(0 2) gradient in air [20]. The 
total conductivity and thermopower were studied at 
300-1300 К in an oxygen partial pressure ranging from 
Ю-20 to 0.5 atm, as described elsewhere [17]. The criteria 
for equilibration of a sample after a change in either 
oxygen partial pressure or temperature included the 
relaxation rates of the conductivity and Seebeck coeffi
cients less than 0.05%/min and 0.001 jiV/(Kmin), corre
spondingly. Due to possible compositional instabilities at 
oxygen partial pressures from 10-6 down to 
10“ u-10-9 atm, which result in hysteresis phenomena 
and, possibly, non-equilibrium values of the conductivity 
and Seebeck coefficient, in the present paper this p(0 2) 
range is excluded from consideration. At higher and lower 
p(0 2) values the transport properties were found comple
tely reproducible, within the limits of standard experi
mental error. The oxygen nonstoichiometry at 923-1223 К 
in the oxygen partial pressure range 8 x 10-5 to 0.7 atm was 
studied by the CT technique [17]; the reference point for the 
CT data arrays was determined by TGA. The results 
obtained by TGA and calculated from the CT data showed 
an excellent agreement within all studied temperature range 
(Fig. 1), thus confirming zero leakage in the CT cells.

The Mossbauer spectra were collected at room tempera
ture and at 10 К or, for samples with the lowest magnetic 
ordering temperatures, at 4.1 K. The measurements were 
performed in transmission mode using a conventional 
constant-acceleration spectrometer and 25 mCi 57Co source 
in a Rh matrix. The velocity scale was calibrated using a-Fe 
foil. The absorbers were obtained by pressing the powdered 
samples (5 mg of natural Fe/cm2) into perspex holders. 
Isomer shifts (IS, Table 1) are given relative to metallic a- 
Fe at room temperature. The low-temperature spectra were 
collected using either a liquid-helium flow cryostat with a 
temperature stability of ±0.5 К to cool the samples down 
to 10 К or a JANIS bath cryostat, model SVT-400, with the
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Fig. 1. Reproducibility o f  the total oxygen content values in 
Lao sSro sFeo.gAlo^Os-.j, determined by TGA and calculated from the 
coulometric titration data using the reference point at 1223 K. The inset 
shows reproducibility o f the oxygen content values measured by 
coulometric titration at starting (Cycle 1) and after finishing the 
measurements (Cycle 2).

sample immersed in liquid He for measurements at 4.1 K. 
The spectra were fitted to Lorentzian lines using a 
nonlinear least-squares method [25]. The relative areas 
and widths of both peaks in a quadrupole doublet were 
kept equal during refinement. Distributions of magnetic 
splittings were fitted according to the histogram method 
[26].

3. Results and discussion

3.1. Structure, thermal expansion and total conductivity

XRD analysis of the ceramic materials equilibrated with 
atmospheric oxygen at low temperatures, confirmed the 
formation of single perovskite phases, except for 
(La0.5Sro.5)o.95Feo.7Alo.303_̂  where minor impurity peaks 
attributed to monoclinic SrAl20 4 (PDF card 74-0794) are 
visible in the XRD patterns. Similar conclusion was drawn 
from the results of SEM/EDS analysis. As an example, Fig. 2 
compares typical SEM micrographs of (La0.5Sr0.5)o.95 
Ре0.7А10.зОз_  ̂ and parent composition, La0.5Sr0.5 
РеОз-а; the small inclusions at the grain boundaries of 
major perovskite phase in (Lao.sSro^o^Feo^AlojC^^ 
ceramics (Fig. 2b) are aluminum-enriched. The maximum

А-site deficiency in heavily doped (La,Sr)(Fe,Al)C>3_,5 
perovskites is hence limited, close to 3-4% . This level is 
substantially lower than that in Sr(Fe,Ti)03_<5 system [22], 
but comparable to Sr(Fe,Al)03_̂  [20]. Neither grain- 
boundary anomalies nor essential compositional inhomo
geneities were found for other studied compositions. The 
average grain size varied in the range 5-12 jam.

The perovskite-type structure of the title materials was 
identified as rhombohedrally distorted (space group R3c). 
The incorporation of Al3+ having a smaller radius 
compared to iron cations [27] leads to the unit cell 
contraction, Table 2. An opposite effect is observed on 
the creation of А-site cation vacancies due to increasing 
anion repulsion forces.

Table 2 summarizes the average thermal expansion 
coefficients (TECs) of (Lao.5Sro.5)i_.vFei_vAlv0 3_(5 cera
mics, calculated from the dilatometric data (Fig. 3). The 
increase in TEC at temperatures above 700-900 К is 
common among ferrite perovskites (e.g. [9,16]), and results 
from chemically induced expansion of the lattice due to 
oxygen loss and concomitant reduction of the iron 
sublattice. Surprisingly, this effect tends to increase on Al 
doping, suggesting that oxygen losses on heating increase 
with aluminum content. The latter phenomenon indicates 
that the average oxidation state of iron cations at low 
temperatures increases with aluminum additions, in agree
ment with the Mossbauer spectroscopy results discussed 
below.

The temperature dependencies of the total conductivity 
of the title series at atmospheric oxygen pressure are 
presented in Fig. 4. The oxygen transference numbers (tQ), 
calculated from the oxygen permeability and FE data, 
show that the ionic contribution is lower than 0.5% at 
1223 К and decreases with decreasing temperature. Hence, 
the total conductivity is predominantly electronic, exhibit
ing semiconductor-type behavior in the low-temperature 
range until an apparent transition to metallic-like conduc
tion is observed above 700-800 K. This trend originates, 
again, from oxygen loss on heating, which reduces the 
concentration of p-type electronic charge carriers [9,11,17]. 
Note that the transition temperature coincides around that 
of the change in the thermal-expansion regime. The 
activation energies in the low-temperature range, calcu
lated by the standard Arrhenius equation, are listed in 
Table 3.

In agreement with literature data [28,29], the substitution 
of iron with Al3 + cations decreases the conductivity as the 
concentration of В sites participating in the electronic 
transport processes becomes lower (Fig. 4). In the case of 
(La0.5Sr0.5)0.97FeO3_(5, creation of А-site vacancies also 
leads to a lower p-type electronic conduction, indicating 
that the charge compensation occurs primarily via the 
formation of oxygen vacancies. On the contrary, the 
conductivity of (Lao.sSro.sh-.vFeo^AlojC^^ ceramics is 
higher than that of the А-site stoichiometric analogue; this 
suggests that Al doping increases the role of alternative 
charge-compensation mechanism, via the hole generation.
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Table 1
Parameters obtained from the Mossbauer spectra of (La0.5 Sr0.5) i_ xFe1_>A l>,O3 _  ̂ perovskites

Composition T  (K) Iron oxidation state IS, < I S >  (mm/s) QS, e (mm/s) < /?hf>  (T) Г  (mm/s) /(% ) 3—S

L a 0 . 5 S r 0 . 5 F e O 3 _ <5

L a 0 . 5 S r 0 . 5 F e 0 . 8 A l 0 . 2 O 3 _ ^

Lao.sSro.sFeo.TAlo.sOs-^

(L ao .5S ro.5)o .97F eo.7A lo .303_^

10

297

4.1

297

4.1

297

4.1

297

3 +
5 +
3 +
4 + itinerant

3 +
4 +  localized
5 +
3 +
4 +  localized 
4 + itinerant

3 +
4 +  localized
5 +
3 +
4 +  localized 
4 +  itinerant

3 +
4 +  localized
5 +
3 +
4 +  localized 
4 +  itinerant

0.42
- 0.02

0.29
0.10

0.42
0.09

- 0.02
0.31

-0.03
0.14

0.41
0.10

-0.04
0.30

-0.04
0.13

0.41
0.13

- 0.01
0.29

-0.03
0.11

-0.03
-0.03

0.12
0.09

-0.03
-0.09
0.02
0.40
0.22
0.32

0.02
0.00
0.03
0.51
0.28
0.35

0.00
-0.15

0.03
0.38
0.21
0.29

50.7
28.2

48.7
31.4
26.9

47.8
31.6
27.5

48.1 
33.3
28.2

0.36
0.36

0.48
0.38
0.46

0.46
0.37
0.47

0.42
0.35
0.45

75
25
50
50

62
20
18
43
20
37

59
21
20
39 
21
40

58
15
27
32
15
53

3.00

2.97

2.96

2.95

Notes: IS, Г and QS are the isomer shift relative to metallic a-Fe at 295 K, line-widths and the quadrupole splitting o f a doublet in the paramagnetic state, 
respectively.
For the magnetically split spectra fitted with a distribution o f sextets, the average isomer shift < I S > ,  the quadrupole shift e and the average magnetic 
hyperfine field < B M>  are given.
/  is the relative area.
Estimated errors are ^ 0 .2 T  for < В Ы> ,  <2%  for /, and ^0.02 mm/s for the other parameters.

* Г  , : . X■ p p i p

ЙЙ-Л

Fig. 2. SEM micrographs o f Lao.sSro.sFeCb^ (a) and (Lao.sSro^o.gsFeo.yAlojC)}-,* (b) ceramics, polished and thermally etched at 1473 K.

3.2. Mossbauer spectra and oxygen nonstoichiometry

The Mossbauer spectra of La0.5Sr0.5FeO3_̂  (Figs. 5 and 
6) are similar to those reported by Dann et al. [30]. At 
297 K, the spectrum consists of an Fe3+ doublet and 
another quadrupole doublet where the IS value is typical 
for Fe4+ with an electronic ground state having predomi
nant itinerant |d SL character, as in SrFe03 [31,32]. At 
10 К this perovskite is magnetically ordered (Fig. 6). The 
peaks of the sextets are broad, their widths strongly

increasing from the innermost to the outermost peaks. This 
effect is certainly due to disorder arising from the different 
near-neighbour configurations of iron cations, particularly 
from the presence of both Fe3+ and Fe4+ on the same 
crystallographic positions. For the spectrum at 10 K, the 
fitting quality using a distribution of magnetic hyperfine 
fields is substantially better than that by considering a 
single sextet whose peaks have very different widths. The 
average hyperfine parameters (Table 1) show that in 
addition to magnetic ordering, decreasing temperature



Table 2
U nit cell parameters and thermal expansion coefficients o f  (La0 .5 Sr0 .5) i_ A:F e 1_>;Al>,O3 _^

C om position U nit cell parameters Average TEC s in air

a (A) a (d eg ) Г ( К )  a x  lO^KT1)
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L ao .sS ro .sF eC ^  5.4938 60.27 350-950  12.4
950-1310  23.7

(Lao.5Sro.5)o.97Fe03-^ 5.4971 60.12 —  —

Lao.5 Sro.5 Feo.9 Alo. 5.4810 60.20 350-900  13.0
900-1200  27.6

1200-1500 22.0

Lao.sSro.sFeo.gAlo.sC^-^ 5.4698 60.05 350-900 12.9
900-1200  30.0

1200-1500 22.3

Lao.5 Sro.5 Feo тА^.зОз-^ 5.4540 60.07 350-800  12.7
800-1200 27.1

1200-1500 20.5

(La0 .5Sr0 .5)o.97Feo.7Alo.303_^ 5.4651 60.13 350—800 12.2
800-1350 24.8

(La0 .5Sro.5)o.95Fe0 .7Alo.303_^ 5.4806 60.26 —  —

2.5-

2.0-

.o 1.5-o'-

_Jb
1.0-<

0.5-

0.0-

•La0 5Sr0 / eO3-S 
• L a 0 5S r 0 / e 0 9 A I 0 , O 3-6

■ 4 . 5Sr0 / e 0 8AI0 .A .8

L a 0 5S r 0.5F e 0.7A I 0 3O 3-S

250 500 750 1000 1250 1500

T, К

Fig. 3. D ilatom etric curves o f  La0 .5 Sr0 .5 F e i_ >,Al>>O 3 _  ̂ ceramics in air.

leads to the charge disproportionation of Fe4+ cations, as 
previously reported for undoped La0.5Sr0.5FeO3_̂  [30]. At 
10K, a charge-ordered (CO) state is observed where 50% 
of the itinerant Fe4+ at 297 K, is detected as Fe3+ and the 
other 50% as Fe5 + . The latter contribution consists of a 
sextet with Вы and IS lower than those typical for Fe4 + 
below 10 К [30-35]. The oxygen deficiency of 
Lao.sSro.sFeOa.^ equilibrated with air at low temperatures 
is negligible within the limits of experimental error.

As the Mossbauer spectra of Al-substituted materials 
below the magnetic ordering temperature are better 
resolved than those collected in the paramagnetic state, 
the analysis of doping effects should be started from the 
low-temperature data. When fitted with only two Вы

2 -

1-

wr- 0-
Eо
Xся
0 
СП

5  ЗН

L a o.5S r o / e ° 3 -o

La0.5Sr0 /e09AI0,O3-S
4 5Sr. / e./W°M

(La0.5Sr0.5)0.97FeO3-5 '
^ 0 . 5 ® Г0.6^0.97^е о .7 ^ * 0 .3 ^ 3 -  

^ a 0 .5 ^  *0.5  ̂0.95 ̂ ® 0 .7 ^ 0 .3 ^ 3 -

10 15 20 25

104/T, K 1

30 35

Fig. 4. Temperature dependencies o f  the total conductivity o f  
(La0 .5 Sr0 .5 )i_.vF e 1_>A lvO 3 _^ ceramics in air.

distributions as for the La0.5Sr0.5FeO3_̂  spectrum taken at 
10K, the distribution with lower Bhf is bimodal and shows 
a very strong dependence of IS on Bhf. A significantly



Table 3
Activation energy (Zsa) o f the total and oxygen ionic conductivities o f (La0.5 Sr0 5 )1_ vFei_;A l>,0 3_(5 in air

Composition Total conductivity Oxygen ionic conductivity

Г (К ) Еа (kJ/mol) Г (К) Еа (kJ/mol)
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Lao.sSro.sFeC^-,* 300-510 13.1 1073-1223 127
(Lao.sSro.5)o.97Fe03_s 470-620 16.5 1073-1223 93
Lao.sSro.sFeo.gAlo.i Оз_5 420-730 10.0 1023-1223 115
Lao.5Sro.5Feo.8Alo.203_<5 — 1023-1223 119
Lao.sSro.sFeo.yAlo^Cb-^ 460-720 21.0 1023-1223 95
(Lao.5Sro.5)o.97Feo.7Alo.303-<5 520-700 16.3 1073-1223 125
(Lao.5Sro.5)o.95Fe0 .7Alo.303_^ 520-660 14.8 1173-1223 110

“ I-----1-----1 г

V E L O C IT Y  ( m m / s )

Fig. 5. Room-temperature Mossbauer spectra of (La0.5 Sr0.5 ) i - AFei_>, 
А^Оз-й perovskites. The calculated function plotted on the experimental 
points is the sum of two or three doublets corresponding to Fe3 + , and 
itinerant and localized Fe4+ (Table 1).

better agreement with experimental data was achieved 
when splitting this distribution into two, considering on the 
whole three magnetic hyperfine distributions. The esti
mated < I S >  and < 2 ? h f >  o f  the third distribution are 
typical of localized Fe4+ at 4.1 К [31,33,34]. Due to the 
replacement of Fe by Al, the number of pathways for the 
(Fe 3 d -0  2p) conduction electrons becomes smaller and, 
consequently, the electronic state of at least part of Fe4+

i!
V

% x-T \t VH •! Г  V; \i
% ^  i1 j ) ! у у

И  Ц ' k  U*. ijl

о
оо
(Л
51сог<С£Н-
Ш>
<с

-1- У iИ

U___ I___ 1___ 1___ L_

> ;

х = О 
у -  о

х = О 
у = 0.2

х = О 
у = 0.3

х = 0.03  
у = 0.3

-12  - 8  -U  О +U +8 + 12 
V E L O C ITY  ( m m / s )

Fig. 6. Low-temperature Mossbauer spectra o f (Lao.5 Sr0.5 )i_.vFe1_>, 
Alr0 3_  ̂ (see text). The corresponding temperatures and calculated 
contributions are given in Table 1.

tends to a predominantly localized |^t character. In fact, 
the localization of the Fe4+ electronic state is only 
observed for about one third of the Fe4+ cations 
(Table 1), whereas approximately two thirds of the Fe4 + 
remain in an itinerant state disproportionating at low 
temperature. As for Бго.ббЬао.ззРе^СОдРз^ [33], a 
microscopic phase separation seems to occur; the presence 
of Fe5+ contributions indicates that domains with higher 
Fe4+ concentration remain in the CO state.

According to these results, three different contributions 
should also appear in the paramagnetic state (Fig. 5), 
which was not possible to guess a priori due to the strong 
overlapping of the quadrupole doublets. Two different sets 
of these contributions are possible. The most probable 
combination comprises Fe3 + , localized Fe4+ and itinerant
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Fe4+. Less likely, if charge disproportionation is still 
preserved at room temperature, the contributions of Fe3 +, 
localized Fe4+ and Fe5+ should be present instead. Two 
series of simulations were, hence, performed constraining 
the relative areas and isomer shifts within narrow ranges 
consistent with the low-temperature data. The first 
combination, with itinerant Fe4+ at room temperature, 
provides the best-fit quality. The estimated parameters for 
the room-temperature spectra show an increase in the QS 
and Г  values with increasing Al3+ concentration, Table 1. 
This may result from increasing disorder due to the 
presence of two types of cations in the В sublattice, 
increasing oxygen-vacancy concentration and content of 
pentacoordinated iron ions.

Indeed, the oxygen nonstoichiometry of (Lao.sSro.s)}-* 
Fei-yAlyOa-^, calculated from relative areas of the 
contributions detected in the Mossbauer spectra at 
4-10 K, increases with increasing aluminum content (Table 
1). The same tendency is observed when temperature 
increases up to 923-1223 K; Fig. 7 presents the p (0 2)-T-S  
diagrams obtained by the CT technique. The doping- 
induced increase of the oxygen deficiency is expected to 
contribute to the conductivity decrease (Fig. 4) due to 
lowering concentration of the Fe-O-Fe bonds responsible 
for the hole conduction in perovskite-type ferrites. Similar 
trends were found earlier for other ferrite-based systems, 
such as SrFe(Al)03_̂  and La0.3Sr0.7Fe(Ga)O3_̂  [17,32]. In 
contrast to these analogues, however, the average oxida
tion state of iron in (La0.5Sr0.5) i -AFe1_>;AlvO3_̂  system 
increases with increasing у  (Table 1). This factor seems

log  p(G ,) (atm)

Fig. 7. The p ( 0 2) - T - S  diagrams of Lao.sSro.sFeO.-^ and 
Lao.sSro.sFeo.gAlo^Cb^ under oxidizing conditions.

responsible for increasing oxygen losses on heating and, 
thus, for the apparent increase in TECs in the intermediate- 
temperature range (Fig. 3). Note that at 300-700 K, the 
TECs of all title materials have similar values (Table 2). 
Although higher Fe4+ fraction should also lead to 
increasing electron-hole transport, the conductivity vs. 
composition dependence in А-site stoichiometric 
Ьа0.58го.5Ре1_уА1уОз_  ̂is primarily determined by decreas
ing concentrations of iron cations when у  increases.

In the case of (Lao.sSro^o^Feo^AlojCb..^, the average 
oxidation state of iron and the fraction of itinerant Fe4 + 
are both higher than in Lao.sSro.sFeo^AlojC^^ (Table 1). 
As a result, total conductivity of the А-site deficient 
composition is higher than that of the А-site stoichiometric 
perovskite where the Fe:Al concentration ratio is the same 
(Fig. 4). At the same time, creation of А-site vacancies 
results in a slight increase of the oxygen nonstoichiometry, 
indicating a mixed charge-compensation mechanism which 
involves the formation of holes and oxygen vacancies.

The Mossbauer spectroscopy data on (La0.5Sr0.5)o.95 
Fe0.7Alo.303_̂  cannot be used for quantitative comparison 
as this material is not single-phase. Although neither XRD 
nor Mossbauer spectroscopy give any evidence of Fe- 
containing phase impurities, the segregation of SrAl20 4 
should change the La:Sr concentration ratio, affecting 
defect formation mechanisms. Nonetheless, in the inter- 
mediate-temperature range the conductivity of (Lao.5Sr0.5)o.95 
Feo^AlojCb-^ is close to that of (La0.5Sr0.5)0.97 
Feo^AlojC^-^ (Fig. 4). On heating above 900 К the 
conductivity of the former material becomes even higher, 
probably due to progressive dissolution of SrAl20 4 in the 
perovskite lattice.

Finally, when comparing the results on (Lao.5Sr0.5)i-.v 
F e i^ A l^ -^  and the data on other Al-substituted ferrite 
systems such as LaojSro^Fei^AlyC^^ and 
SrFej^AljA?^ [18,20,32], one can conclude that increas
ing the La:Sr cation ratio shifts the redox equilibria 
involving В-site cations towards iron oxidation. In 
particular, Al doping decreases the Fe4+ fraction in 
Sr(Fe,Al)03_̂  at atmospheric oxygen pressure [32]; the 
behavior of the title materials is opposite. Analogously, the 
А-site deficiency charge compensation mechanism under
goes a transition from predominantly ionic for Sri_.vFei_v 
A\y0 3^s [20] to mixed for (Lao.5Sro.5)i-.vFe1_>Al3;03 _̂ .

3.3. Electrical properties vs. oxygen partial pressure

Selected data for the oxygen-pressure dependence of 
the total conductivity and Seebeck coefficient of 
(Lao.5Sr0.5)i_A-Fei_vAlvC>3_<5 are presented in Figs. 8-10. 
The positive sign of the thermopower and the decreasing 
conductivity with decreasing p( 0 2) in the range 
0.5-10-5 atm confirm that p-type electronic transport 
predominates in oxidizing regimes. Further reduction of 
the oxygen partial pressure leads to a conductivity 
minimum, as exhibited by other ferrite-based phases 
[9-11,17,28], where oxygen ionic conduction dominates
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-20 -16 -12 -8 -4 0

log P(02) (atm)

Fig. 8. Oxygen partial pressure dependencies of the total conductivity of 
(Lao.sSro.s^^Feo^Alo.sOs-a (a), and comparison of the conductivity of 
(Lao 5Sro.5)o.95Feo.7Alo.303_^ and La0.5Sr0.5FeO3_^ ceramics at 1073 and 
1223 К  (b). Solid lines are a guide for the eye.

log p (0 2) (atm)

Fig. 9 . Oxygen partial pressure dependencies of the Seebeck coefficient of 
(Lao.5Sro.5)o.97Feo.7Alo.303-^ (a), and comparison of the thermopower of 
(Lao.5Sro.5)o.95Feo.7Alo.303-^ and L a0.5Sr0.5FeO3_<5 (b). Solid lines are a 
guide for the eye.

and the contributions from p- and n-type electronic 
transport are comparable; beyond the minimum at still 
lower p(O2), conductivity increases due to the increasing 
participation of n-type charge carriers. These variations 
can be analyzed using the established defect model 
observed for other ferrite perovskites at elevated tempera
tures [9,11,36], describing the iron cation equilibria in terms 
of the oxidation and disproportionation reactions:

1/202 +  V0 +  2Fe3+ =  О2- +  2Fe4+,
2Fe3+=  Fe2++  Fe4+, (1)

where Fe2+ and Fe4+ represent n- and p-type electronic 
charge carriers located on the iron cations. The corre
sponding equilibrium constants are expressed as

[02-][Fe4+]2 „  _  [Fe2+][Fe4+]
°X~[Vo][Fe3+ ]^ (02)'/2’ [Fe3+]2 ' U
As for other partial conductivities, the p-type electronic 

conductivity (ap) is generally defined in terms of the hole 
concentration (p), charge and mobility {цр). Taking Eq. (2) 
into account, one can easily obtain

<x, =  ep/ip =  ецр 1/2[Fe3+] /,(° 2)'/4’ (3)

where e is the elementary charge. In the range of oxygen 
partial pressures close to the minima in total conductivity, 
changes in the oxygen nonstoichiometry (<$) of ferrites and, 
consequently, [VQ] and [02~], are typically very small and 
the concentrations of Fe2+ and Fe4+ are considerably 
lower with respect to Fe3+ [9,11,34,36,37]. One may then 
simplify Eq. (3) to

<rp =  cr0pp(O2) ' t \  (4)

where aQp is the hole conductivity at unit oxygen pressure. 
Analogously, the n-type electronic conductivity can be 
expressed with a similar equation as proportional to 
p{0 2)_1/4. The ionic conductivity (<70 ) may be considered 
as independent of the oxygen chemical potential close to 
the minimum. The /?(C>2)-dependence of the total con
ductivity can, thus, be approximated by the power model:

<t =  <7o  +  <t^ ( 0 2)1/4 +  <t^ ( 0 2)_i/4. (5)

The conductivity of (La0.5Sr0.5)i_AFei_vAlvO3_̂  in 
reducing conditions was fitted with this model; several 
examples of fitting results at various temperatures are 
presented in Fig. 10. The experimental and calculated data 
are in excellent agreement. One should caution that, in 
general, the ionic conductivity in perovskite-type ferrites 
increases with reducing /?(02) due to increasing vacancy 
concentration. Also, for highly defective systems such as 
(La0.5Sr0.5)i_xFei_3;AlvO3_ ,̂ interaction between the de
fects may lead to the necessity to introduce activity 
coefficients in the mass action laws, Eq. (2). The data on 
ionic conductivity discussed below confirm a significant 
role of oxygen-vacancy clustering, typical for most heavily 
doped ferrite systems [6,9,11,13,18,22]. Eq. (5) should thus
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(a) log p (0 2) (atm)

(c) log p(0.) (atm)

Fig. 10. Oxygen partial pressure dependencies o f the total conductivity o f (La0 .5 Sro.5 )o.9 7 Feo.7 Alo.3 0 3 _ <5 in the vicinity o f  electron-hole equilibrium points 
(a), comparison of the total conductivity curves o f (La0 .5 Sro.5)i_.vFei_>,Al>,0 3 _  ̂ceramics at 1223 К (b), and experimental data points and calculated partial 
ionic, p-type and n-type electronic conductivities o f La0 .5 Sr0.5 FeO3_  ̂ at 1223 К  (с). Solid lines correspond to fitting results using Eq. (5).

be considered as approximation only. However, as men
tioned above, variations in the oxygen content in the p(O2) 
range close to the conductivity minimum are very small; 
hence, any changes in ionic conductivity and activity 
coefficients occurring with oxygen chemical potential in the 
fitted p(0 2) range are expected to be negligible. Whatever 
the effects of ordering in the oxygen sublattice, the results 
unambiguously show that Al doping and creation of A-site 
vacancies in La0.5Sr0.5FeO3_̂  does not alter the electronic 
conduction mechanisms, except for the variations in the 
charge carrier concentration and mobility.

4. Oxygen ionic transport

Fig. 11 compares the steady-state OP fluxes, 7, and 
specific oxygen permeabilities, /(O 2), of dense La0.5Sr0.5 
Ре0 3_,5 and La0.5Sr0.5Feo.9Alo.i03 _̂  ceramics with various 
thicknesses; temperature dependence of the permeation 
fluxes through 1.0 mm thick (La0.5Sr0.5)i_xFei_vAlvO3_̂  
membranes under a fixed p(0 2) gradient is presented in 
Fig. 12. The oxygen permeability is related to oxygen flux 
density using the definition suggested by Mobius [38]

J( O2) —j d In *
. Pi.

(6)

where d  is membrane thickness, and p 2 and p x are feed-side 
and permeate-side p(0 2), respectively. Since this term is 
proportional to j x d  by definition, its value is thickness- 
independent when surface-exchange limitations are negli
gible but increases with thickness when they become 
significant [8,9,22]. The latter situation is observed for 
undoped La0.5Sr0.5FeO3_ ,̂ where the role of exchange 
kinetics increases with decreasing temperature (Fig. 11), 
and for (La0.5Sro.5)o.97Fe0 3_̂ .

In the case of Lao.sSro.sFeo.QAlo.^-^, the specific 
permeability is almost thickness-independent at 
1123-1223К (Fig. lid), indicating that oxygen transport 
at this temperature is limited mainly by bulk ionic 
conductivity. At lower temperatures, the permeation- 
limiting effect of surface exchange tends to increase, but 
still remains comparable to the measurement error. The 
behavior of all other Al-containing materials studied in this 
work was found similar to Lao.5Sro.5Feo.9Alo.i03_<5, with 
negligible surface limitations when the membrane thickness 
is larger than 0.6 mm. This makes it possible to calculate 
the oxygen ionic conductivity of Al-containing phases from 
the permeation data. The values of a0 , calculated from the 
OP results as described in previous works [8,9,14], show a 
good agreement with the FE measurements (Fig. 13), thus 
confirming validity of such estimations. In the case of
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Fig. 11. Oxygen permeation fluxes (a,c) and specific oxygen permeability (b,d) o f dense ceramic La0.5 Sr0.5 FeO 3 _  ̂ (a,b) and Lao.sSro.sFeo^Alo.iC)^ (c?d) 
membranes.
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Fig. 12. Temperature dependence o f the oxygen permeation fluxes 
through (Lao.5 Sro.5 )i-A Fei_>A l3,0 3 _ (5 membranes under fixed oxygen 
pressure gradient. Membrane thickness is 1.00 ±0.02 mm.

i o V r ,  K ‘ 1

Fig. 13. Comparison of the ionic conductivity values calculated from the 
oxygen permeation (OP) and faradaic efficiency (FE) results. All data 
correspond to the membrane thickness o f 1.0 mm.

Lao.sSro.sFeCb^ where the effect of exchange kinetics is 
significant, the <x0 estimates are lower than true values and 
can only be used to assess qualitatively the general 
relationships between composition and ionic transport.

One may also mention that the data shown in Figs. 11 and 
12 reflect a general correlation between the level of oxygen 
permeability and the relative role of surface exchange 
kinetics observed for most ferrite membranes [9]. Namely,
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Fig. 14. O xygen ionic conductivity o f  (La0.5Sro.5)i_xFe>A l1_>10 3_ <5 cera
mics in air.
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Fig. 15. Oxygen ion transference numbers o f  LaosSrosFeO^-based 
materials in air.

an increase in ionic conductivity of ferrite-based materials 
leads, as expected, to increasing oxygen permeability, but 
the effect of surface exchange rates on the permeation also 
increases.

Temperature dependencies of the oxygen ionic conduc
tivity of (La0.5Sro.5)i_JCFei_>;Al>;03 _̂  in air are presented in 
Fig. 14; Table 3 lists the respective activation energies. 
Note, once again, that the aQ values of undoped 
La0.5Sr0.5FeO3_̂  should be considered as estimations only. 
Nevertheless, these data clearly show that ionic transport 
in the А-site stoichiometric compositions decreases with 
increasing aluminum content. Such a behavior is similar to 
that in (La,Sr)Fe03_̂  system [11], where a high Sr 
concentration induces ordering in the oxygen sublattice. 
An analogous mechanism seems responsible for the 
relatively low ionic conduction in Al-substituted 
Lao.sSro.sFeO^, particularly due to small size of Al3 + 
cations [27] which may promote vacancy clustering. As for 
Sr(Fe,Ti)03_̂  perovskites [22], the creation of 3% cation 
vacancies in the A sublattice of Lao.sSro.sFeo.yAlojO^^ 
leads to a faster ionic transport at 1123-1223 K; higher A- 
site deficiency has a negative effect. The deviations from 
Arrhenius dependence, observed for ionic conductivity of 
(La0.5Sro.5)o.95Feo.7Alo.303_ ,̂ are probably caused by 
changes in the phase composition with temperature. The 
oxygen ion transference numbers of (La0.5Sr0.5)i_.v 
Fei_vAlv0 3_̂  ceramics at 973-1223 К and atmospheric 
oxygen pressure vary in the range 1 x 10_4-3 x 10“3, 
increasing with temperature (Fig. 15).

The hypothesis on the transport-limiting role of vacancy 
ordering processes is supported by the data on oxygen- 
ionic conductivity in reducing atmospheres, calculated by 
fitting the /?(02)-dependencies of the total conductivity; one 
example is presented in Fig. 16. For undoped 
La0.5Sr0.5FeO3_(5 with essentially disordered oxygen sub
lattice, decreasing oxygen pressure from atmospheric down 
to 10~14-10-8 atm leads to 2-6 times higher ionic conduc
tion. On the contrary, the ionic transport in

Eо
XСД -1 -

o -2 -

-3-

□ p(02)<10 atm 
*  P(02)=0.21 atm

♦  p(02)<10' atm 
О p ( 0 > 0 .21 atm

8.4 8.8
104/T, K‘1

9.2 9.6

Fig. 16. Com parison o f  the oxygen ionic conductivity o f  Lao.sSro.sFeOs-^ 
and (Lao.5Sro.5)o.97Feo.3Alo.30 3_<5 in air and under reducing conditions.

(La0.5Sro.5)o.97Feo.7Alo.303_̂  decreases on reduction, whilst 
the activation energy is almost unchanged. These trends 
indicate that most vacancies in the Al-substituted ferrite 
are trapped in defect clusters or locally ordered micro
domains stable even at elevated temperatures, such as 
1223 K. As for Sr and Al doping, increasing total oxygen 
nonstoichiometry on reducing p(O2) induces further 
ordering in the oxygen sublattice, where the concentration 
of mobile vacancies is exclusively determined by tempera
ture-activated disordering processes. Regardless of the 
ionic charge-carrier formation mechanisms, the results 
show that the influence of А-site deficiency on the ionic 
conductivity cannot be attributed to the oxygen nonstoi
chiometry variations and results, most likely, from 
increasing structural disorder. One possible reason may 
relate to local distortions near the cation vacancies. 
Although these lattice defects should reduce the mobility 
of neighboring oxygen ions and vacancies, their random 
distribution in the perovskite-type structure may suppress 
partial ordering.
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5. Conclusions

In order to identify the effects of alumina additions and 
minor А-site cation deficiency on the properties of 
lanthanum-strontium ferrites with high oxygen-ionic con
ductivity, selected compositions in the system 
(La0.5Sr0.5)i-xFei_3Alj;O3_5 (x =  0-0.05, у  =  0-0.30) 
have been appraised employing XRD, SEM/EDS, Moss- 
bauer spectroscopy, dilatometry, CT, and measurements of 
the total conductivity and Seebeck coefficient in the oxygen 
partial pressure range Ю-20 to 0.5 atm. Aluminum 
incorporation was found to decrease the unit cell volume 
and partial ionic and p-type electronic conductivities, while 
the oxygen nonstoichiometry and thermal expansion at 
900-1200 К increase on doping. The transport properties 
of Al-substituted ferrite may be improved by the creation 
of А-site cation vacancies, probably promoting disordering 
in the oxygen sublattice. However, the maximum A-site 
deficiency in Lao.sSro.sFei-jAl/^-^ is limited, close to 
3-4% at у  =  0.3. The Mossbauer spectroscopy data show 
progressive localization of electron holes and a mixed 
charge-compensation mechanism, which results in higher 
average oxidation state of iron when Al3+ concentration 
increases. The average thermal expansion coefficients of 
(Lao.sSro.s^-xFei-jAlyOa^ are (12.2-13.0) x lO ^K ” 1 at 
300-900К and (20.1-30.0) x 10~6K_1 at 900-1200K 
in air. The oxygen permeability of ceramic materials 
with y^OA  is determined mainly by the bulk ionic 
conductivity. The oxygen ion transference num
bers, calculated from the OP and FE data at 973-1223 K, 
vary in the range 1 x 10_4-3 x 10-3, increasing with 
temperature.
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